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Artificial peptides can be designed to possess a variety of functionalities. If these peptides can be ordered in
an ensemble, the functionality can impart macroscopic material properties to the ensemble. Neutron reflectivity
is shown to be an effective probe of the intramolecular structures of such peptides vectorially oriented at an
interface, key to ensuring that the designed molecular structures translate into the desired material properties of
the interface. A model-independent method is utilized to analyze the neutron reflectivity from an alkylated, di-
a-helical peptide, containing perdeuterated leucine residues at one or two pre-selected positions, in mixed
Langmuir monolayers with a phospholipid. The results presented here are more definitive than prior work
employing x-ray reflectivity. They show explicitly that the di-helical peptide retains its desigrleelical
secondary structure at the interface, when oriented perpendicular to the interface at high surface pressure, with
the helices projecting into the aqueous subphase without penetrating the layer of phospholipid headgroups.
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INTRODUCTION to neutron reflectivity data collected from two monolayers
prepared identically except that one contains an unlabeled
One approach to develop “biomolecular” materials is toa|| H) peptide while the other contains a peptide labeled
utilize artificial peptides designed with a simple, stable strucyjth a single perdeuteratee., maximally™H — 2H substi-
tural motif to exhibit a particular functionality, either biologi- teq) residue at a pre-selected position in its amino acid
cal or nonbiological, at the molecular level. Importantly, thesequence. The SLD profiles of the labeled monolayer will be

motif must also be designed to facilitate their organization, '~ as that of the unlabeled monolayer plus a contribu-

Into ordered ensembles at the. macroscopic level. Thus tht‘?on due to the extra SLD of the perdeuterated residue, which
designed molecular functionality can be translated into a

. X ) can be modeled as a simple Gaussian function. Nonlinear
macroscopic material property. For example, previously de- P

signed four-helix bundle motif§l], with apposed histidine regression can then localize the perdeuterated residue with an
residues at selected positions within the bundle for the pisdccuracy 0f0.5 A within the profile structure of the mono-

histidyl coordination of metallo-porphyrin based prosthetic/@Yer of the vectorially oriented peptide. This approach can
groups, can be used to generate interesting electron transf@ls© Pe utilized with similar accuracy employing two perdeu-
[2—4) and nonlinear optical propertigs,6] at the molecular terated reS|dugs at.preselect.ed posmons in the pept!de's se-
level. These can be vectorially oriented at a macroscopiflUe€nce, even if their separation is less than the spatial reso-
interface also through their desigi]. However, one must lution of the derived profiles. The second approach can
necessarily ascertain whether the molecular structures as deeduce the number of data sets required by a factor of ap-
signed are indeed manifest at the interface in order to ensuigroximately 2.
that the intended molecular functionality can result in the The results demonstrate explicitly that the alkylated di-
desired material properties. a-helical peptide denoted BBC16 retains itshelical sec-
Specular neutron reflectivity, coupled with the deuterationondary structure over most of its length, when the orientation
of selected amino acid residues readily achieved via solidef the helical axes is perpendicular to the interface at higher
phase chemical synthesis, can provide the desired structuralirface pressures in mixed Langmuir monolayers with the
information at near-atomic spatial resolution. Our purposegphospholipid dilauroyl phosphatidylethanolamiiBLPE),
here is to demonstrate that capability with single monolayenamely when the helical axes are aligned along the profile
samplegas opposed to thick multilayer sampl&s9]). Neu-  structure of the monolayer. This is accomplished by deter-
tron scattering-length densit§gLD) profiles can now be de- mining the positions, and hence the separations, of these se-
rived unambiguously from single monolayers of vectorially lected residues within the monolayer profile structure to an
oriented peptides at liquid-vapor, liquid-liquid, solid-vapor, accuracy of+0.5 A. Furthermore, the helices project into the
or solid-liquid interfaces. In the absence of a solid, recentlysubphase without penetrating the layer of phospholipid head-
developed, model-independent refinement methods may kgroups. The phospholipids thus compensate for the mismatch
used to derive these profiles with agriori assumptions for between the cross-sectional area of déhieelix and that of the
monolayers at liquid-vapor or liquid-liquid interfacé$0]. alkylating C16 hydrocarbon chain in the plane of the mono-
When a solid is present, well-developed interferometriclayer, as engineered by employing a phospholipid/peptide
methods may be usgdl]. We may apply these techniques mole ratio of 2:1.
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ther purification. Along with a fivefold excess of HOBT and

diisocarbopropyldiimide, a 20% excess of Leydas added

to the resin in a DMF solution overnight. The resin was

rinsed and unreacted peptide was capped with acetyl anhy-

g dride before the resin was returned to the column and auto-

mated synthesis resumed. Perdeuterated palmitic acid
—_ L; (PAp31) (as received from CDN Isotopesvas used in the
pH10 heme palmitoylation step for all the peptides used in this study.
After dimerization, the peptide was lyophilized.

\_/ \_A__/ Langmuir monolayer preparation

¢Leu-d10 Spreading solutions were prepared from the lyophilized
peptide. Typical solutions were 1QeM in 1 mM phosphate
buffer with 10 mM NaCl,pH 8. In all cases the apo form
(i.e., without a bound metalloporphyrin prosthetic grpop
the peptide was used. DLR#Eilauroyl phosphatidylethano-

laming with perdeuteratedD,¢) lauroyl chains(D-DLPE)
was purchased by custom order from Avanti Polarligilisa-
— baster, AD) as a 1 mg/mL chloroform solution and used as
pH 10 received. Mixed monolayers in a 2:1 ratio of DLPE:BBC16
1 were spread as described previough, but with only a
=T 154 I single stage deposition. The resulting isotherms were similar
\_/ to those publishei7].
|‘10—A’| Neutron reflectivity: Langmuir monolayers of singly

and doubly labeled BBC16

FIG. 1. Schematic representation of theadhelical peptide Data f L . | f sinalv labeled d
BBC16, synthesized as a mostlyhelical 31-mer with a flexible ala from Langmuir monolayers ot singly fabeled an

Gly; linker ending in anN-terminal Cys with a palmitoylC,g) doubly 'Iabeled BBC16 in mixed monolayers O.f 21
chain attached and then dimerized in air under basic conditions tP'DLPE'BBC]'G were collected on separate experimental
form BBC16. Heme dissolved in dimethyl sulfoxide added to the"Uns on the NG7 reflectometer at the Center for Neutron

peptide can bind atis-His ligation sites incorporated in the design. Research at the National Institute of Standards and Technol-
When the peptide is prepared with-labeled Leu-g, at selected 09y, Gaithersburg, MD. For the singly labeled monolayers,
sites in the sequence, the contrast of the individual residue relativéonstant pressure control of the monolayers was not avail-
to the rest of the helix is enhanced. Dimensions indicate the averag@ble, SO monolayers were compressed to a surface pressure

diameter and rise/residue of anhelix. 7=40 mN/m and the barrier then held fixed during the mea-
surement. Data collection began about 30 min after compres-
MATERIALS AND METHODS sion, during which timer relaxed and stabilized to about 35

mN/m. We collected neutron reflectivity data as a function of
the momentum transfer normal to the interface containing
Peptides were synthesized by solid phase methods witthe monolayerQ,=(4=/\) sin(a), with « the incident angle
Fmocchemistry using a commercial machigdilliGen), ex-  and the wavelength=4.768 A. The energy resolution of the
cept that automated synthegighich requires fourfold ex- instrument wasAN/\=2.5%. Scans of th€ range investi-
cess of each amino agidvas interrupted to permit manual gated(0.01<Q,<0.2 A™Y) required about 4 h. Data from up
coupling of a deuterated leucine residue at appropriate posio four consecutive scans were summed together. Except for
tions within the sequence of the peptide, with final couplingone 4-h scan of the unlabeled D-DLPE/BBC16 monolayer
of the N terminus to perdeuterated palmitic acid also accomon a D,O buffer subphase, all data were collected oyOH
plished manually. The synthetic ufi€D5(CD,)1,4CGGGE  subphase&l mM TRIS buffer,pH 8; unregulated room tem-
IWKLH EEFLK KFEEL LKLHE ERLKK L-CONH,]is ho-  perature~22 °C).
modimerized to form BBC1€Fig. 1) [7,12. In a series of For the doubly labeled monolayers, constant pressure
singly labeled peptides, a Leucine residue at position 9, 14node was implemented during the run so that most of the
21, or 28 in thea-helix’s sequence was replaced with Leu- data was collected at fixed=35 mN/m. The monolayers
cine with a perdeuterate@, ) sidechain. In a series of dou- were spread on either a pure,® subphase or a 50%
bly labeled peptides, either the Leucines at positions 9 an®,0/50% HO mixture. We used similar data collection
21, or the Leucines at positions 14 and 28, were perdeutetimes for scans over the range 0:00,<0.24 AL,
ated. Additionally, in the doubly labeled experiment, one his- o )
tidine was mutated to alanirfel10— A) so that the resulting X-ray reflectivity: Langmuir monolayers of doubly labeled
di-helices had only a single heme binding sitemoc BBC16
DigLeu (Leu-dg) was purchased by custom order from Isomorphism of the Langmuir monolayers composed of
CDN IsotopegqPointe-Claire, Canadland used without fur- doubly labeled D-DLPE/BBC16 was checked with x-ray re-

Synthesis of°H-labeled peptides
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flectivity data collected on the Liquid Surface Spectrometedem to be solved with na priori assumptions via an iterative

at CMC CAT, sector 9 of the Advanced Photon Source, Ar-Fourier refinement procedure applied to the Fresnel-
gonne National Lab. A different trough with constanfeed-  normalized reflectivity. This approach has been termed “box
back control(set for 7=35 mN/m) and temperature regula- refinement,” where “box” refers to the bounded nature of the
tion (22°C) was used, but monolayer preparation gradient SLD profille. The critical boundary conditipn can be
was otherwise identical as for the doubly labeled neutrorfietermined experimentally from the autocorrelation of the
reflectivity measurement. Using incident photons »f dradient profile obtained via an inverse Fourier transform of

=1.23984 A, reflectivity scans over the range 0.610 the Fresnel-normalized reflectivity without phase informa-
<0.7 Al reduired about 70 min. ‘ tion. The phase solution and the resulting gradient SLD pro-

file can be shown to be unique, and therefore unambiguously
determined, when all of phase space is systematically ex-
plored for particular cases, especially for thin films on liquid
surfaces. This gradient SLD profile can then be integrated
For the Langmuir monolayers containing the singly la-either numerically, or better, analytically to provide the
beled BBC16 on an vD subphase, the scaling of the specu-scattering-length density profile itsglt0]. The analytic in-
lar neutron reflectivity for the differently labeled peptides tegration is achieved via the nonlinear least-squares fitting of
was complicated by the absence of total external reflection ahe sum of a minimal number of Gaussian functions required
the incident neutrons for € Q,< Q.. However, a simple to represent the resolved features in the gradient SLD profile.
scaling of the data sets to each other was achieved by notinthe SLD profile itself is then described by the corresponding
that the inverse Fourier transform of the Fresnel-normalizegdum of Error functions, their parameters fully determined
reflectivity data in the first or second Born approximation isfrom the fitted Gaussian functions.
the autocorrelation of the gradient of the neutron scattering- This approach was utilized to derive the neutron SLD
length densitySLD) profile [10]. Consideration of this au- profiles for the fully hydrogenated peptides vectorially ori-
tocorrelation az=0 A readily demonstrates that the integral ented in Langmuir monolayers at the air/water interface via
of the Fresnel-normalized reflectivity data is then equal tosufficiently high surface pressure on subphases of pyt D
the integral of the square of the gradient SLD. On ai©H pure HO, and a 50:50 mixture. The neutron SLD profiles for
subphase, the square of the gradient SLD is dominated by tHbe selectively deuterated peptides under otherwise identical
features representing the hydrocarbon-air and hydrocarbomxperimental conditions were similarly derived. We note that
peptide interfaces. This is true for all of the singly labeledisomorphism of the profile structures of the unlabeled and
and unlabeled BBC16 peptides because of the perdeuteratisingly or doubly labeled Langmuir monolayers was demon-
of the hydrocarbon chains of both BBC16 and the phosphostrated via specular x-ray reflectivity from such monolayers
lipids DLPE. Thus the Fresnel-normalized reflectivity dataunder otherwise identical experimental conditiqisse be-
for these monolayers were scaled to each other by simpliow, Figs. 9 and 1 Such isomorphism is essential for the
setting their integrals equal to 1. However, we note thafollowing.
while this additional integral normalization procedure prop- The neutron SLD profiles for the case of the peptides
erly scales the resulting SLD profiles to each other placingontaining a single perdeutered residue on® tsubphase
them on the same arbitrary scale, it cannot provide for anvere then modeled as the sum of the neutron SLD profile for
absolute scale for the SLD profiles without further assumpthe fully hydrogenated peptide and a Gaussian function
tions. In spite of this, the SLD profiles derived from these(A/oy2m) exd—(z—2z3/20?)] representing the contribution
integral-normalized data, as described below, are sufficientf the perdeuterated residue, again via a nonlinear least-
for our purposes here, namely to localize the labeled residusquares fitting of the Gaussian’s three parametarplitude
within the monolayer SLD profile. A, width o and position in the profilezy). Note that this
The above scaling approach could also have been applieéquires only that the neutron SLD profiles for the fully hy-
to the Fresnel-normalized reflectivity data for the monolayerglrogenated and selectively deuterated peptide cases be on the
containing the doubly labeled BBC16 peptides but wesame arbitrary scale, as achieved with the integral normaliza-
avoided this issue by using,D and 50:50 DO/H,O sub- tion of the Fresnel-normalized reflectivity data described
phases with an experimentally accessible critical angle foabove for the case of the pure® subphase. For the doubly
total external reflection of the incident neutrons. As a resultjabeled peptides on a subphase of either pu® br a 50:50
the specular reflectivity data for the different monolayers,mixture of D,O/H,0O, the contribution of the two perdeuter-
labeled and unlabeled, could be simply scaled to the Fresnakted residues to the SLD profile of the fully hydrogenated
reflectivity near and below the critical angle via nonlinearpeptide was modeled either as one or two Gaussian func-
least-squares fitting. This rigorous scaling procedure placeons, requiring three or six independent parameters. Two
the SLD profiles, also derived as described below, on th&aussians can represent each labeled site individually, while
same absolute scale. a single Gaussian would represent the average contribution
We have shown that the phase problem for specular x-rafrom the pair of labels. Again, note that here, because of the
and neutron reflectivity from thin films on liquid surfaces cantotal external reflection below@., the neutron SLD profiles
be solved in the distorted-wave Born approximatid®].  for the fully hydrogenated and selectively deuterated peptide
The gradient of the scattering-length dengi8LD) profile  cases are on the same absolute scale, as described above. All
normal to the plane of the surface is bounded in these casesalculations involved in the derivation of the SLD profiles
This provides a powerful constraint allowing the phase probfrom the Fresnel-normalized specular x-ray or neutron re-

Analysis of reflectivity from Langmuir monolayers
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a.lowrn b. high T sity between the monolayer/subphase interface centered on
z=-55 A and the interface with the phospholipids head-
&TZ %r% cﬁ:’ groups, centered a=-15 A in the monolayer electron den-
Trp sity profile, then it is clear that the profile is consistent with
e ~UU~, Lys a helices of the expected length with possibly only a very
52 ,ggg £35 Leu-d,, small tilt angle with respect to the normal to the monolayer
3 His plane. However, from the x-ray data there is no way of lo-

Glu cating any particular residue, for example residue 5, the first

residue of the helix nearest thé terminus which is alky-
FIG. 2. At low surface pressur@), the helices of BBC16 lie lated, since its mean electron density is about the same as

within the plane of the air/water interface and all residues are at théhat of the other residues, as well as that of phospholipid

same positiore relative to the interface. At high surface pressure headgroups, so we cannot be sure that the helices do not

(b), the helices orient with the helical axis approximately perpen-penetrate the headgroups. Computerized molecular modeling

dicular to the interface and each residue is mapped onto a uniqueould lead to more sophisticated interpretations of the mono-

positionz relative to the interface. Neutron reflectivity can then be layer electron density profile, but we sought more definitive

used to determine the position dfi-labeled residues, such as Leu- experimental data as could be provided by neutron reflectiv-

dio. ity, coupled with the perdeuteration of selected leucine resi-

dues within the helices.

flectivity data as described utilized code developeshAmH-

EMATICA. These calculations and the simulation of expected o _

results neglected the finite energy resolution of the instru- Neutron reflectivity from Langmuir monolayers of BBC16

ment. The nonlinear least-squares fitting of Gaussian func- with one selected perdeuterated residue

tions as described employed the Levenberg-Marquardt algo- Neutron specular reflectivity measurements on Langmuir
rithm, also as implemented MATHEMATICA . monolayers made with selectively deuterated BBC16 can
provide a set of key distance measurements probing the
RESULTS intra-molecular structure of apo-BBC16—see Fig. 2. Simu-
lations of the neutron reflectivity for apo-BBC16 on g+
BBC16 monolayers were already characterized by chemisubphase with perdeuterated palmitoyl chains and deuterated
cal [12] and x-ray reflectivity methodf7,13], making them leucine residues at primary sequence positions 09, 14, 21, or
good systems for further structural investigation by neutror28 predicted good sensitivity to the sequence position of the
reflectivity. Key aspects of the peptide design and x-ray redeuterated amino acid, shown in Figga3and 3b). The
flectivity results are summarized in Figs. 1 and 2. Off-initial neutron reflectivity from such Langmuir monolayers
specular x-ray scattering indicated that the in-plane structurexhibited the expected sensitivity to the deuteration of a se-
of these Langmuir monolayers consists of a two-dimensiondected single leucine residyé&4] shown in Figs. &)-3(e).
(2D) fluid of the vectorially oriented dihelices at the higher These data were first analyzed via a model-refinement of the
surface pressurdd]. Since there was no observable grazingdeuterated residue position in the monolayer neutron SLD
incidence x-ray diffractioiGID) pattern, there was no direct profile, which was based on the monolayer’s electron density
information about the average tilt angle of the alpha helicesprofile, against the neutron reflectivity difference data for the
The electron density profile structures determined from x-raypeptide containing the deuterated leucine residue vs the fully
reflectivity [7] (similar to those shown in Fig. 1& values  protonated peptidgl4]. This model-dependent approach was
given below refer to this choice of origirat the higher sur- modestly successful indicating that the localization of the
face pressures could provide an estimate of the extent of théeuterated residues in the monolayer profile structure could,
a-helical secondary structure of the peptide and/or the tilin principle, be determined to an accuracy of abadt5 A.
angle of the helices with respect to the monolayer planeHowever, these model SLD profiles could only qualitatively
based on a comparison of the monolayer thickness and th@edict the “sinusoidal” dependence of the neutron reflectiv-
expected length of the-helical peptide, but the complexity ity difference data on the position of the perdeuterated resi-
of the system makes this not so simple. The interactionslues, as opposed to quantitatively to within the experimental
between the phospholipid and the hydrocarbon chains of theounting statistics. This model-dependent approach may
peptide are difficult to predict because on average, the lipithave failed at the quantitative level because of a lack of
and peptide hydrocarbon chains have excess area availab#morphism between the monolayers employed for the
compared to fully compressed alkyl chains, and the loop rex-ray vs the neutron reflectivity experiments. Subsequently,
gion of the peptide is flexible by design. Only part of the we applied the model-independent box-refinement procedure
monolayer is composed of relatively rigid components,employing only the known finite extent of the gradient of the
namely the helices. From the peptide design and the wellmonolayer neutron SLD profile. This approach provided the
known properties of alpha helices, which have a rise of 1.%bsolute neutron SLD profiles for both the deuterated
Alamino acid(Fig. 1), we expect that residues 5-31 should leucine-containing peptide vs the fully protonated peptide at
form a helix 40.5 A long, with approximately constant elec- relatively low spatial resolution. Inspection of the difference
tron density along its length. If wassumethat the helical between two profilege.g., Leu28 minus Leul4showed a
part of the peptide spans the region of uniform electron densingle maximum at the position of residue 28 and a single
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8 - -
T el a_
“.’o 4 air Leu14-d,, |
= oL [+cpy, - . .
& FIG. 3. (Color onling Model SLD profile structures for Lang-
! ! 1 muir monolayers of BBC16 based on the electron density profile
-80 -60 -40 20 0 20 structures obtained from x-ray reflectivity data. ThegCHsubphase
z(A) extends to the right for>0 A; air extends fromz<-65 A (con-
4R (9,) /RF (07 ) sistent with Fig. 4; other figures use a different conventidrihe
] N perdeuterated hydrocarbon chains contribute to a region of high
0.75 SLD (-65<z<-45 A) while the peptide has uniform, relatively
0.5 low SLD, except at the label site, where Leucine is replaced by
0.2% Leu-dy, (here in the 14 position of the sequenc® series of model
7 profile structures in which the label site was movad3iA incre-
Sl ments(every other sequence positiomas used to generate a series
_'0?;: of simulated Fresnel-normalized reflectivity curves,
o1 Riabel(Q2)/Re(Q,) (not shown. The differences between these

simulated reflectivities and the simulated reflectivity generated
from the unlabeled model profile, Rygapne(Q,)/Re(Q,),
AR(Q)/Re(Q2) =Riabe( Qo) / RE(Q2) = Ruolabel Q) /Re(Q,), (b), ex-

hibit a sinusoidal variation over the experimentally accessible range
of momentum transfer and its frequency is highly sensitive to the
position of the deuterated residue within the monolayer profile
structure. Such selectively deuterated minus fully hydrogenated dif-
ference data are routinely employed in structure analysis via neu-
tron scattering, as they exploit the difference in the deuterium ver-
sus hydrogen atomic scattering factors for neutrons to the maximal
extent (see Ref.[14]). (c) Experimental neutron reflectivity data
R(Q,) collected from Langmuir monolayers spread from mixtures
of the apo form of the synthetic peptide BBC16 and the phospho-
T T T lipids DLPE on a HO subphase at high surface pressure with the

R(Q)

J d hydrocarbon chains perdeuterated and the peptide either undeuter-
15x10° |- ated(black), with Leucine 09 deuterate@reen, with Leucine 14
deuterated(blue), or with Leucine 28 deuterate¢ted). (d) The
10} same data after both Fresnel and integral normalization, norm

R(Q,)/R:(Q,). The latter integral normalization of the Fresnel-
normalized reflectivity data places the data on the same, but arbi-
trary scale(see Methods sectignFor clarity, error bars have been
omitted, but this noise level, which increases with lar@sr is

1 1 1 1 readily apparent from the point-to-point fluctuations in the data
alongQ), as showr{see, for example, Fig.(b)]. (e) Difference data
computed from the data ifd) between the experimental data for
the peptide with a selected deuterated Leucine residue and that for
the fully protonated peptide, nordR(Q,)/R:(Q,), again on the

norm. R(Q,)/R(Q,)

g" same arbitrary scale. The sensitivity of these data to the sequence
n\:“' position of the selected deuterated Leucine residue is clearly evi-
ah dent. The “sinusoidal” variation in the difference data arises from
o the position of the single deuterated residue in the monolayer pro-
< file structure, as predicted by the simulated data shown in F), 3
£ irrespective of the different ordinate scales.
g

0.05 0.10 0.15 0.20

Q, (A%

minimum at residue 14. Even this relatively crude methodsum of a minimum number of Gaussian functions. The fitting
localized the label positions with an accuracy of aboutis entirely objective and unambiguous since only the fully
+1.5A. resolved features are modeled with arbitrary Gaussian func-

More recently, the model-independent box-refinementions employing the Levenberg-Marquardt algorithm for
procedure has been substantially improy&@,15. The fully ~ nonlinear regression analysis. The scattering-length density
resolved features in the gradient SLD profilds/dzderived  profile itself, p(z), is then provided by direct analytic inte-
via model-independent box refinement, are fitted with thegration to provide a description @{z) in terms of a sum of
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error functions whose parameters are entirely defined b¥8BBC16 di-helices oriented perpendicular to the monolayer
those of the fitted Gaussian functions. Thus the SLD profileplane at higher surface pressures. The neutron reflectivity
for the fully protonated peptide was so determined. The cordata are shown in Fig. 5. The neutron SLD profile for the
responding SLD profiles for the peptide with deuterated leudoubly labeled peptide at the 09 and 21 positions, as com-
cine at the 09, 14, and 28 sequence positions were then subared with that for the fully hydrogenated peptide, on pure
jected to a more rigorous analysis. These profiles were fitteB20 subphase is shown in Fig. 6. The best fit of the neutron
with the same SLD profile for the fully protonated peptide SLD profile for the fully hydrogenated peptide, plus a single
plus a single arbitrary Gaussian function feature representing@ussian representing the average contribution of the two

the perdeuterated leucine residue in the SLD profile for thé€rdeuterated leucine residues, as compared to the SLD for

: : . the doubly labeled peptide, is also shown in Fig. 6, along
lrigiesinﬁ?n%l?ﬁ j ’| ;’lv)lé?egr;leyu(t:?ﬁ epz;asr ?rrzgtgr;aonz g‘:rsi?ﬁ_syamth the residuals from the fit. The best-fit single Gaussian is

; . . : S . centered az=-28.36+1.0 A in the monolayer profile. Utili-
p||tude,.W|dth, and _posmo)n These fits, again via nonlmt_aar zation of two independent Gaussians representing the contri-
regression employing the Levenberg-Marquardt algorithm

; . . L2 bution of each labeled residue in the nonlinear fitting could
provided the positions of the labeled residue within the, o jmnrove the fit, namely reduce the residuals below the
monolayer profile structure to an accuracy #0.5 A, @ jayel shown in Fig. 6. Similar results for the average position
threefold improvemenie.g., the asymptotic or estimated of these two perdeuterated residues in the monolayer profile
standard error for the 14 position was 0.344 A and for the 28vere obtained independently, employing a different mono-
position was 0.532 A The_rg was no correlatioce.g., less layer on a subphase of 50%,0 and 50% HO, a substan-
than 0.0033 for the 14 position and less than 0.058 for the 2§41y different neutron SLD contrast for the peptide portion
position) with the other parameters and the residuals in reahf BBC16. The neutron SLD profile for the doubly labeled
space were uniformly distributed at less than the 2% level, a8eptide at the 14 and 28 positions, as compared with that for
s_hovyn in Fig. 4 for the perdeuterated leucine at the 14 posihe fully hydrogenated peptide, on a purg@subphase is
tion in the sequence. o shown in Fig. 7. The best fit of the neutron SLD profile for

The reader might ask at this point how a perdeuterateghe fy|ly hydrogenated peptide, plus a single Gaussian repre-
residue can be located within the monolayer profile to thissenting the average contribution of the two perdeuterated
high accuracy oft0.5 A when the spatial resolution of the leucine residues, as compared to the SLD for the doubly
derived neutron SLD profiles is relgtively low, namely Qn_ly labeled peptide, is also shown in Fig. 7, along with the re-
~30 A. First, the Fresnel normalized neutron reflectivity siguals from the fit. The best-fit single Gaussian is centered
data is sensitive to the position of the one perdeuterated resiy ,=_-32.87+0.65 A in the monolayer profile. However, the
due over the corresponding range &, namely Q;,  resjduals for this best fit are significantly greater than those
<0.25 A%, when the largest separation between its meamnown in Fig. 6 for the 09 and 21 pair of labeled residues,
position in the monolayer profile and those of the other feapgpecially nearer the surface of the subphase. Utilization of
tures which dominate the gradient SLD profilthe  two independent Gaussians could significantly improve the
hydrocarbon/air and hydrocarbon/peptide interfaces withit i this case, namely reduce the residuals below the level
perdeuerated hydrocarbon chaifsscomparable to this spa- shown in Fig. 7, as shown in Fig. 8. The initial intent was
tial resolution. This condition was met for the 14 and 28nat each Gaussian in the nonlinear fitting could represent the
sequence positions, but apparently not the 09 position. Segpntribution from each labeled residue. However, this inter-
ond, given this relatively low spatial resolution f30 A, pretation is unlikely given that one of the best-fit Gaussians
the Gaussian fit to the deuterium label distribution within thepsq an area greater than three times the area of the other
SLD profile must therefore necessarily be of comparablgggether with the location of the minor Gaussian at the sur-
width. However, we know independently that the deuterium-ace of the QO subphase. Instead, this minor Gaussian most
labeled residue must in fact be located in a relatively narrowikely represents the perdeuterated leucine residues within a
distribution in the monolayer profile because only one leu-smga]| fraction of the di-helices lying on the subphase surface,
cine residue has been labeled covalently, as made possible fyejr separate contributions being superimposed at this loca-
the solid-phase chemical synthesis of the BBC16 peptide;on in the monolayer profile structure for this orientation of
Thus while this approach cannot determine this much nare helices. The major Gaussian therefore is taken to repre-
rower width, the mean position of the distribution in the sent the average contribution of the two perdeuterated leu-
monolayer profile can be accurately determined based on thgne residues in the much larger fraction of di-helices ori-
first consideration above. ented with their axes perpendicular to the subphase surface,
their average position in the monolayer profile structure then
being located ar=-37.52+0.29 A. With this identification,
the separation of the average position of the 09 and 21 la-
beled leucine residues, from that for the 14 and 28 labeled

The improved model-independent box-refinement apresidues, is 9.16 A in the monolayer profile structure. This
proach has now been applied to apo-BBC16 containing twaompares well with the expected value of 9.(tAe differ-
perdeuterated leucine residues at sequence positions 09 agce in the average of the 09 and 21 positions, namely 15,
21 and positions 14 and 28. The separations between the tvand the average of the 14 and 28 positions, namely 21, is 6
residues for the first pair would be18 A and the second residues at 1.5 A per residue along the axis ofaahelix
pair would be ~21 A in the monolayer profile for the (Fig. 1) provides an expected separation of 9.p Burther-

Neutron reflectivity from Langmuir monolayers of BBC16
with two selected perdeuterated residues
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FIG. 4. Real-space analysis for fully protonated BBC16 peptaleH; left-column and BBC16 peptide containing a perdeuterated
leucine at sequence position {Meu-di-14; right column. Top row left: Experimental gradient SLD profile, nordp(z)/dz from box
refinement(dotted vs the best model 4-Gaussian model from nonlinear fittewlid) for the all-H case. Top row right: Experimental
gradient SLD profile, norndp(z)/dz from box refinementdotted vs the same best 4-Gaussian model of the gradient SLD profile for the
all-H case plus the additional best derivative of an arbitrary Gaussian representing the deuterium labeled residue from nonlinear fitting
(solid). Second row: The corresponding residuals from the nonlinear fitting. Third row: numerical integral of the experimental gradient SLD
profiles(dotted vs the analytic integral of the corresponding best fitting model representations of the gradient SLD profiles, namely the SLD
profiles themselves, norm(z), containing four error functions in the all-H case and the same four error functions plus a Gaussian function
in the Leu-d,-14 case. The perdeuterated hydrocarbon chains are localized within thez<6640 A region in these SLD profiles. The
small differences in the SLD profiles between the all-H and Lgpid cases, readily apparent in the region occupied by the peptide, namely
-40<z<0 A, arise exclusively from the position of the perdeuterated leucine-14 residue in the SLD profile represented by a Gaussian
function whose position is thereby determined by the nonlinear fitting to an accurac.5fA [compare with the model profile structure
on an absolute scale in Figa3.] [Simple models, such as that shown in Figa)3vere useful in planning the experiment, but required
modification in several respects before they could be used to approximately account for the experimental neutron reflectivity. The water
content of the monolayer decreased the contrast between the peptide and the subphase, the disorder of the perdeuterated hydrocarbon chair
reduced their SLD, and the experimental resolution made features less prominent. Even with these modifications, the model-independent
box-refinement method for obtaining the profile gradient, and its analytic integration providing the profiléliiseélfow of Fig. 4 did a
much better job of explaining the observed d@sa compared with Fig.(€), Ref.[14]).] Fourth row: The gradient of these SLD profiles in
the top row clearly account for their corresponding Fresnel and integral normalized reflectivity dataR(@R=(Q,), to within the
counting statistics fo,/27<0.025 AL, The experimental data show the counting statistics in the point-to-point fluctuations in the data
along Q, as shown and the obvious effect of the perdeuterated leucine at sequence po$#ionhile the smooth curves simply demon-
strate the convergence of the box refinement to the experimental data. Note that all of the ordinate scales in this figure are arbitrary, as they
are linked to the integral normalization of the experimental Fresnel-normalized reflectivity as described in the text, and so indicated via the
prefix “norm.” Nevertheless, these arbitrary scales for n&(Q,)/R-(Q,), and therefore also norilp(z)/dz and normp(z), are the same
for the fully hydrogenated vs the selectively deuterated cases allowing their direct comparison.

more, these average positions can be used to predict the atamely sequence positions 05 and 31. These positions are
tual positions of the perdeuterated leucine residues at the 08hown on the monolayer x-ray SL[br electron density

14, 21, and 28 positions within the monolayer profile struc-profiles, as shown superimposed in Fig. 10 for all three
ture, as well as the positions of the ends of the helicesmonolayers demonstrating the isomorphism of the monolay-
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FIG. 6. (Color onling Comparison of SLD profile structures on
an absolute scale from the doubly labeled peptide experiment. Solid
black (dashed red analytically integrated SLD profile from the
unlabeled peptidépeptide labeled at Leu21,Leu0@ith perdeuter-
ated chains on a f subphase. In both cases, the sum of five
Gaussians was used to fip/dz Solid green: the best fit to the
labeled peptide SLD profiledashed redusing the sum of the un-
labeled SLD profile(black) plus a Gaussian with floating param-
eters. The best-fit Gaussian, shown in dashed green, is centered at
z=-28.36+1.0 A with a width of 21.63+1.0 A. The residuals ap-
pear as a black dashed curve. The ordinate is normalized by the
0.05 0.10 015 0.20 SLD of D,0 (6.25x 10 A™?). Thus the Gaussian has an inte-
Q, (A" grated area corresponding to 20.0+8.80°% A~1. Assuming an

area of 100 A/« helix, the observed net change in total scattering

FIG. 5. (Color onling (a) Specular neutron reflectivity data col- length is 20+0.8& 10712 ¢cm, in good agreement with expectations
lected from Langmuir monolayers composed of 2:1for the double labefwhich exchanges 28H for 2H; Aby=20
D-DLPE:BBC16, in which the BBC16 had perdeuterated chainsx 1.028x 1012 cm=20.56< 1012 cm.
and was otherwise either unlabelé@), or doubly labeled with
D;gLeucine either at positions 9 and 2&d A), or at positions 14
and 28(blue V), all on a D,O subphasé&b). The same data after
Fresnel-normalizationisymbol9 as well as the best fits obtained
from box refinementcurves (bottom). These data are on an abso-
lute scale, as described in the text. Note that the point-to-poin
variations in the data, e.g., as l(Q,)/R:(Q,) in Fig. 3b), are the
same magnitude as the error bars of the counting statistics, because

R(Q,)/Re

structures[17]. For the crystal structure, the separation be-
tween thea carbons of the labeled residues is also nearly
ideal, i.e., 1.5 A/residuge.g., L14-L21: 10.55+0.01 A; L21-
l_28: 10.45+0.15 A, while the NMR structures exhibit more

the data were collected at intervals @f much smaller than the 1
widths of any of the maxima/minima in the data arising from fea- o 08
tures in the gradient SLD profile with maximal separation, the gra- é‘ 0.6
dient SLD profile being of finite exterj8]. E‘; 0.4
ers independent of the selected deuteration of the peptides “0.2
(see Fig. 9. As can be seen, the so-predicted positions of the 0 M.
ends of the helices are in excellent agreement with the mono- —100-80 —60 —40 —20 0 20

layer electron density profiles, considering that the electron- z A

rich feature centered a=-10 A is due to the headgroup of ) ] ]

the DLPE[7]. This indicates that the-helical design of the FIG. 7. (Color onling Comparison of SLD profile structures on
peptide is not substantially modified by incorporation into@n absolute scale from the doubly labeled peptide experiment. Solid

the monolayer, and that the helices are indeed oriented witRl2ck (dashed biug analytically integrated SLD profile from the

. . . halinapnlabeled peptidepeptide labeled at Leu28,Leujldith perdeuter-
their helical axes normal to the interface. The alpha hellca‘i,:IFeol chains on a 4D subphase. For the unlabeled pepiiback,

portion of thg peptlde does not penetrate the headgrogps Ye sum of five Gaussians fifo/dz, while for the labeled peptide

the p_hosphollp!dfs, but the loop part does. The proximity of dashed blug six Gaussians were necessary. Solid green: the best
the h_'gh'SLD lipid headgroups to Leud apparently r_nasl_<e it to the labeled peptide SLD profilelashed blugusing the sum of

the single Leu-g, label and prevented us from extracting its y,e ynjabeled SLD profilgblack plus a Gaussian with floating
position in the earlier single-label experiment. It is thereforeparameters_ The best-fit Gaussian, shown in dashed green, is cen-
noteworthy that the double-label experiment does not havesred atz=-32.87+0.65 A with a width of 18.37+0.65 A. The re-
the same problem. The agreement between the best-fit pauals appear as a black dashed curve. The ordinate is normalized
rameters and the expected change in SLD due to the presengg the SLD of DO (6.25x 105 A~2). Thus the Gaussian has an

of the labels is not as good, demonstrating that the experintegrated area corresponding to 40.4+172.AAssuming an area
ment is more sensitive to the position of the labels than twf 100 A%/« helix, the observed net change in total scattering
their relative amplitudes. The data here can also be compareehgth is 40.4+1.X 10712 cm, about twice as large as expected for
with the x-ray crystal structurgl6] and the NMR solution the double label.

061905-8



SPECULAR NEUTRON REFLECTIVITY AND THE...

PHYSICAL REVIEW E 70, 061905(2004)

I 15
1 1ok 3128 14 >
o 0.8
3 2
e 0-6 Q. 0.8
304 O
0
(=X

02
0

oooo
" Nl

-
u.-g.g"mﬂ‘

-100-80 -60 -40 -20 0 20

z @A)

0.4

0.0

-60

21
I |
-40

FIG. 8. (Color onlineg Comparison of the same SLD profiles on z(A)
an absolute scale as in Fig. 7, unlabeled peptideid black and FIG. 10. (Color onlin® Electron density profile structures on an
Leu28,Leul4 doubly labeled peptideashed blug Here, the solid  apspjute scale for 2:1 D-DLPE:BBC16 obtained by numerically in-
green curve shows the best fit to the dashed blue curve by the suagrating the profile gradients derived by box refinement from the
of the unlabeled profilésolid black plus two Gaussia_ns, shown as x-ray reflectivity data shown in Fig.(B). Black: unlabeled; red:
dashed green curves. The Gaussian on the left is centerad ongqoply |abeled at Leu21,09; blue: doubly labeled at Leu28,14. The
=-37.5220.29 A, with a width of 12.56+0.32 A and an integrated 5o|iq vertical lines show the centers of the excess SLD due to the
area of 31.1+0.6 Alg while the Gaussian on the right is centered at yople |abels as determined from the neutron results in Figs. 6 and
2=-6.84+0.40 A, with a width of 6.90+0.39 A and an integrated g pat js, they should correspond to the positions of residues 21 and
area of 8.99+0.53 A. Residuals are shown as a dashed blackys s indicated. The dashed vertical lines show the corresponding
curve. positions of the individual labels that can be deduced by assuming

the peptide is perfectlyr helical, while the dotted vertical lines
supercoiling, resulting in smaller separatiofis14-L21:  indicate where residues 5 and 31, the ends of the helical portion of
10.040.4 A: L21-128: 9.940.1 3\ The monolayer data ap- the peptide, would be_ based on_t_he same reasofiliige electron
pear more consistent with the x-ray crystal data than with thgense feature to the right of position 5 is due to the headgroups of
solution structure. D-DLPE)

CONCLUSION

We have demonstrated that it is now possible to determine

R(Q,)

the positions of single perdeuterated residues within the pro-
file structure of single monolayers of vectorially oriented ar-
tificial peptides with an accuracy of0.5 A, employing
specular neutron reflectivity and a model-independent
method of analysis, so-called box-refinement. It is essential
that the fully hydrogenated and selectively deuterated pep-

! tide monolayers be isomorphous, as can be demonstrated by
specular x-ray reflectivity. For artificial peptides based on
a-helical bundle structural motifs which can be vectorially
oriented perpendicular to the plane of the monolayer, the
structural information provided by such determinations for a
selected set of perdeuterated residues within an artificial pep-
tide, each determination undertaken separately, can be uti-
lized to ascertain whether the peptide’s structure as designed
has been maintained or modified by its incorporation into the
monolayer ensemble. In this case, we find that the peptide
maintains itsa-helical secondary structure. Theaehelices

are untilted and oriented normal to the interface at high sur-
face pressure. They do not penetrate the phospholipid head-
groups. Now that we have demonstrated the technique’s sen-
sitivity and developed the necessary analytical tools, we can

FIG. 9. (Color onling Specular x-ray reflectivity data collected PPIY it to ask whether the incorporation of prosthetic groups
from Langmuir monolayers composed of 2:1 D-DLPE:BBC16, in Modifies the structure of the peptide in the monolayer. If so,
which the BBC16 had perdeuterated chains and was otherwise efjassical molecular-dynamics simulations of the monolayer
ther unlabeled©), or doubly labeled with B-Leucine either at ~ System may be used to indicate the nature of the structural
positions 9 and 2%red A), or at positions 14 and 2flue V), ~ Mmodification, using the experimentally determined positions
before(a) and after(b) Fresnel normalization, the latter on an ab- Of the labeled residues within the monolayer profile structure
solute scale. The reproducibility of the results leads to the isomoras key constraints. Development of next-generation neutron
phic electron density profile structures shown in Fig. 10. sources should greatly facilitate these measurements, so that

R(Q,/R-(Q,)
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